High-efficiency photovoltaic (PV) devices are based both on the 111-V compound and silicon semiconductor technologies. The 111-V semiconductors are more efficient than silicon for concentrator technology when the incident flux exceeds about 200 suns. These devices are of both single-and multijunction configurations, the latter being primarily feasible by the epitaxial growth of combinations of binary and ternary compounds. Work has focused on semiconducting materials in the GaAs and AlXGa,-& series, although other 111-Vs have recently been developed for PV applications. The role of the minority-carrier lifetime and mobility in high-efficiency devices is discussed. The state-of-the-art of current popular materials is reviewed.
INTRODUCTION
High-efficiency device research has focused on both materialimprovement anddevicedesign. Photovoltaic(PV)devicesare minority-carrier devices, and optimizing minority-carrier properties is a crucial component of processing research. We will show here that, from among the various minority-canier transport parameters, the minority-carrier lifetime is of greatest importance in determining PV performance and efficiency. Here we will review work from a number of laboratories. The analysis of time-resolved photoluminescence (TRPL), as a technique for determining minority-carrier lifetime, is discussed. Recent innovations and improvements in the technology will be emphasized.
A. Minoritv-Carrier Lifetime
The basic recombination mechanisms in semiconductors have been reviewed extensively in the literature [ 1, 2, 3] . These include radiative recombination, Shockley-Read-Hall (SRH) recombination, and Auger recombination. The recombination lifetime is controlled by all of these mechanisms in the wide range of PV materials.
The low-injection, radiative lifetime is given by Here, N is the majority-carrier concentration, and B is a coefficient that has been calculated from band theory [4, 5] . The calculations show that B is about 1-2 x cm3/s for GaAs.
Chemical and mechanical defects, such as dislocations, produce energy levels in the forbidden gap leading to SRH recombination. For a near-midgap levels inducted by a defect. the SRH lifetime is given by Here, N,is thevolumedensity of thedefect, ais theminoritycarrier capturecross section, and vI is the thermal velocity. Surface or interface recombination is treated as a 2-dimensional extension of SRH recombination. When a number of recombination mechanisms are present, the total lifetime is determined by adding reciprocal lifetimes. Several detailed reviews of recombination processes in the Ill-V compound semiconductors have been recently published [ 1,2,3 ].
B. Photon Recycling
For the direct bandgap materials, self-absorption and reradiation of photons have been found to be important. The photon recycling effect has potential applications for improved PV devices [ 6 ] . The self-absorption and re-emission of radiative recombination were proposed by Dumke [7] and by Moss [8] many years before significant experimental data were available. A number of researchers [9, 10] suggested that self-excited luminescence or photon recycling is an important effect in GaAs. Early measurements using TRPL in AIKGa,-xAs/GaAs DH devices showed that the lifetime increased with active-layer thickness [ 111. Calculations [ 12, 13, 14, 15, 16] explained these data in terms of the photon recycling effect. Garbuzov and coworkers [ 151 presented experimental data and theory indicating that therecycling effect is greatly enhanced by substrateremoval. All theoriesshow thattheeffective lifetime can be written in terms of a photon recycling factor @ that multiplies the radiative lifetime, increasing the radiative lifetime by the factor I$. Measurements of the factor I$ are discussed in detail in a later section. Here, the sum is over the types of SRH centers, including those at the interface, contributing to the interface recombination velocity. The radiative recombination rate at high injection is reduced by photon recycling, and will be discussed in detail elsewhere [ 191. The solutions of Eq. 5 when SRH recombination dominates have been discussed in the literature [20] . In the case of very high injection, the effective lifetime becomes:
In SRH-dominated matenals, the second term on the right dominates z~~ and the recombination lifetime increases accordingly. This effect produces an increase in efficiency in concentrator cells.
D. Electron and Hole Mobilitv
The mobility for both electrons and holes is controlled by scattering mechanisms arising from several sources. The intrinsic mobility is determined by scattering by latticevibrations orphonons and is designated k. Scattering also occurs because of neutral and ionized defects, the latter being much stronger scattering centers because of the long range Coulomb force. Dislocations, grain boundaries, and other mechanical defects also contribute to the mobility by scattering electrons and holes. Here, we will designate the contribution of each defect type to the mobility asp,. The total mobility is obtained by adding the reciprocal mobilities of each scattering mechanism. Therefore, PV device performance is dependent upon both the minority-camer lifetime and mobility. We will show here that the minority-canier lifetune is the most materials-sensitive and widely varying parameter. On theother hand, we will show that the minority-carrier mobility is falrly structure-insensitive. Therefore, the minority-canier lifetime generally controls the minontycarrier diffusion length. One could summarize PV materials research as a search for growth technologies that produce adequate lifetimes at the lowest possible cost. Here we will undertake a detailed analysis of GaAs PV devices in terms of the known minority-carrier properties of the material.
MINORITY-CARRIER PROPERTIES OF GaAs

A. Electron and Hole Mobilitv in GaAs
The strength of phonon scattering in silicon and compound semiconductors is such that the mobility is relatively insensitive to mechanical and chemical defects. Curve A of Figure 1 shows the theoretical electron mobility in n-type GaAs from the textbook by Sze[21] . Themobilityisdominated byphononscatteringfordonor densities less than about 1 x IO'* cm in uncompensated material. At higher donor densities, ionized impurity scattering becomes dominant and reduces the mobility as '/No. The mobility is seen tovarybyaboutafactorof8as thedonordensityvariesfrom lxlOI4 cm ' to 1 x 10"
The square data points are measurements of electron mobility in n-type GaAs grown by molecular beam epitaxy (MBE) on a GaAs substrate [22] . Most of data points ( 0 ) fall about Curve A. The data points ( A ) are measurements of the electron mobility grown by MBEon a silicon substrate [23] . These MBE layers are between 2.4-pm and 4.0-pm thick, and are grown directly on the silicon substrate. Because of a large lattice mismatch between GaAs and silicon (about 4.1%), these thin GaAs films usually contain mismatch-generated dislocations with densities between l x lo7 to 1 x 109/cmZ. In GaAs films grown on GaAs substrates, the dislocation densities are usually less than 1 x 104 cm '. One sees from the data that the electron mobility is only slightly lower because of dislocation scattering. This observation has allowed the development of many majority-carrier devices using GaAs grown on silicon substrates [24] . In summary, these data show that the electron mobility varies less than 1 order of magnitudeeven when ionized impurity densities vary fiveorders of magnitude. The electron mobility is very slightly reduced by dislocation densities exceeding IO' cm ' . However the theory produced lower absolute values, about 100 cm2/vs, for this doping range. Finally, the square data ( 0 ) representes of the hole mobility in n-GaAs by Slater and coworkers [28] . This datum is consistent with the ZFTOF data of Lovejoy and coworkers. An important point here is thatminority-carrier mobility (and diffusivity) appear to be less sensitive to ionized impurity scattering than the majoritycarrier mobility. This finding has positive implications for PV devices as performance increases with doping levels provided that minority-carrier diffusion length is not degraded.
B. Minoritv-Carrier Lifetime in GaAs
Early measurements on bulk GaAs wafers [29] indicated that the room temperature lifetimes were in the range of 10 to 20 ns at doping levels below about 1 x 10'' cm3. At higher doping levels, the lifetimes decrease approximately as 1/N where N is the donor oracceptorconcentration. Figure3 showsHwang's early measurements of minority-carrier lifetime in GaAs wafers over a range of doping densities. The radiative or theoretical lifetime is shown by the solid line. These measurements were made on unpassivated wafers, and the surface recombination loss accounted for the data analysis. As noted above, the lifetimes are independent of doping from about 1 x loL6 cm" to 1 x 1Ola m". A recent measurement on AlGaAs passivated wafers by Ehrhardt and coworkers [30] is also shown in the figure. The wafer doping is 1 x 10l8 cm 3, and the measured lifetime is 6 ns. With no AlGaAs passivating layer, the measured lifetime on the same wafer was 0.16 IIS, showing the dominating effect of free surface recombination in GaAs. The Ehrhardt dataon the passivated wafer are comparable to the earlier measurment of Hwang. At the lower doping levels, the lifetimes are also much smaller than the radiative lifetime, and are determined by deep level defects in the wafers; i.e., by Shockley-ReadHall recombination. . These data were measured on thin (1.0-pm or less) DH structures for which the photon recycling effects are minimal. Data on thicker structures will be shown in the next section. In summary, these data show that the GaAs bulk lifetime in epitaxial material is primarily controlled by the intrinsic, radiative recombination. By contrast, the lifetime in wafer material is controlled by bulk SRH recombination except at very high carrier concentrations.
C. Photon Recycline. Effects Measured in GaAs
Recent TRPL measurements [34] on n-type DH structures provided by Lush were analyzed using the photon recycling effect. Figure 5 shows the calculated photon recycling factor in these devices using the experimental TRPL data and B = 2 x 10 l o cm3/s. Curves A, B, and C are the values of Q calculated by Asbeck [ 121 for DH structures at similar doping concentrations. The factor Q is about 12 for a 10 pm DH structure when the doping level is below 1 x 10I8cm '. The decrease in@ at the higher doping levels is caused by the perturbation of the "sharp" absorption edge cause by ionized donors. This decreases the overlap of the internal emission spectrum with the absorption spech-um. [ 151. The PL lifetimevaries from about 500 ns for thin DHs to over 1 ps for thicker DHs. These data suggest that very long lifetimes are feasible in more heavily doped, free-standing thin-film devices because of the photon recycling effect. These effects have potential use for high-efficiency PV devices [6] as will be shown later in this paper.
D. GaAs Grown Heteroeuitaxiallv on Siilicon
In recent years, there have been many reports of GaAs PV devices grown on silicon substrates. The cost advantage of using a silicon substrate rather than a GaAs substrate is the prime motivating factor. As is obvious from the previous section, majonty-carrier devices have been very successful.
The minonty-carrier lifetime is greatly degraded by dislocation recombmation in the GaAs:Si system. For PV applications, a number of strain reduction schemes have been published [36]. These include GaAs buffer layers that are subjected to various thermal treatments for strain reduction in the active layer. Measurements by Ahrenkiel and coworkers [37], combined with a recombination theory developed by Yamaguchi and coworkers [38] at Nippon Telephone and Telegraph (NTT), find the lifetime in GaAs as a function of dislocation density. The dislocation contribution to the lifetime is given by Here N, is the dislocation density in lines/cm*, D is the minority-carrier diffusivity, and T, is the lifetime produced by the dislocations. The total lifetime is given by the addition of reciprocal lifetimes assuming only radiative and dislocation recombination mechanisms. Figure 6 plots the theoretical lifetime according to Eq. 11 over a range of dislocation densities and doping concentrations. The parameters are appropriate to n-type GaAs with D chosen to be 7 cm2/s (from Fig. 3 ). (However, photon recycling is not included in this model.) The calculated lifetime varies over about 5 orders of magnitude for a range of dislocation densities found in epitaxial GaAs:GaAs and GaAs:Si. Theory indicates theextreme sensitivity of the lifetime to dislocation recombination. To obtain the largest open-circuit voltages and fill factors, one requires that the base doping level be greater than about 1 x 10" cm-'. As will be shown later, the minority-canier lifetime needs to be larger than about 1 or 2 ns for useful efficiencies. Thus, in GaAs:Si PV devices, minority-carrier lifetime is the factor that limits device performance. Figure 6 shows data measured by the TRPL technique on ntype (2 x lot7 ~m -~) GaAs:Si DH devices grown at Spire Colporation. The dislocation density was measured at NREL by M. M. AlJassim and coworkers on the same samples. The solid line is a fit oftheNTTmodelto theexperimentdatausing avalueof minoritycanier diffusivity D of 2 cm2/s. In addition, a photon recycling factor, @ = 834, was needed to fit the GaAs on GaAs device. One sees that the N'IT model fits the data, except that a somewhat low value of D must be used. However, that can be explained by the fairly simplistic model used to determine the capture cross-section of dislocations. These data, when combined with device modeling calculations in the next section, will give us an estimate of the current expected PV efficiency and the goals of dislocation reduction chemistry. Dislocation Density (cm-2, Figure 6 . Hole lifetime in n-type GaAs versus dislocation density using t h e m m o d e l . Measuredlifetimes inGaAs:Si DH devices.
In summary, the doping density and dislocation density of GaAsfiimswerevariedovermany ordersof magnitude.Thesedata show that theminority-carrierlifetimetypicallyvaries4or5 orders of magnitude in GaAs in response to these changes. By contrast, the mobility varies very little over the same range of doping or dislocation densities. These datadisagree with arecent theory that
F. Dependence of S on Growth Temperature
Recent studies [41, 42] found that the recombination velocity at the MOCVD n-Al0,,Ga0~,,As/GaAs interface changed by orders of magnitude, depending on growth temperature. Diagnostic DH devices were made in paralled with PV devices hoping to improve the PV efficiency by optimizing the growth temperature. Here, one is improving the A1,30Ga,,8,As/GaAs interface that is used as a back-surface minority-carrier reflector for the base (ntype, 2 x 10" cm-'). The diagnostic DHs were also made in a series of thicknesses at each growth temperature. The data analysis included the photon recycling factor, @, that was specifically calculated 1431 forthestructure. Figure8 shows thevanationofthe recombination velocity S with growth temperature. The data show that S drops a factor of 40 for growth temperatures greater than 740°C. The interface recombination velocity varies from a maximum of 20,000 cm/s (700OC growth) to a minimum of about 500 cm/s (775°C growth). In general, the interface recombination velocity of MOCVD-gro wn AIxGa, -xAs/G aAs improves with growth at temperatures greater than 740°C.
The smallest measured values of S on doped DHs were obtained by Lush and coworkers [33] . These DH devices were grown by MOCVD at 740OC. For an active layer doping of 1.3 x 10" cm ', they found S less than 11 cm/s using a Al,,,Ga,,,As window layer.
MODELLING OF GaAs SINGLE JUNCTION DEVICES USING LIFETIME DATA
Single-junction GaAs devices, fabricated at Spire Corporation, weredescribed in aprevious paper [44] and are very represen- tative of the current technology. That report described GaAs devices grown on both GaAs substrates and silicon substrates. The best GaAs-on-GaAs device had a one-sun efficiency of 24.7% and a 200-sun efficiency of 25.4%. By contrast, the best GaAs:Si device had a 1-sun efficiency of 17.6%. Most of these devices Rad companion DH diagnostic structures on which lifetime measurements were made. GaAs:Si devices are undoubtedly due to degradation of the emitter lifetime due to dislocation propagation into the emitter. Taking the case respresenting a device grown on silicon with no subsequent heat treatment, the TRPL measurements indicate that the base lifetime is about 100 ps or less. Using an emitter lifetime of 8 ps in the model, the calculated efficiency is 8.9% and is in agreement with the data.
The vertical lines represent a range of GaAs lifetimes reported either in our laboratory or elsewhere. The lifetime region at AcorrespondstoGaAsdevicesgrowndirectlyon silicon without annealed buffer layers. The region about B corresponds to the best GaAs:Si devices with annealed buffer layers, while region C corresponds to the lifetime range found in bulk wafers. The region at D corresponds to the best MOCVD-grown epitaxial devices with low S values and with an enhanced radiative lifetime because of photon recycling. Finally, region E corresponds to a lifetime regime produced by enhanced photon recycling of the type found in the devices of Lush and coworkers [33] . The enhancement here is produced by etching away the substrate increasing the lifetime to about 1 ps, One sees that the efficiency has saturated, and there is not much improvement in performance between lifetimeregions D and E. However, in these calculations, we have fixed the base doping at 2 x lOI7 ~m -~. In practice, one could increase the base doping to, for example, 1 x loi8 c m 3 and thereby increase both Vw and the fill factor. The calculated AM1.5 efficiency of this hypothetical device is 28.7%, and is shown. Photon recycling enhancement is an evolution of the technology and device design that more effectively utilizes the intrinsic optical properties.
A. AI Ga As Lifetimes
A review of ldetime measurements in AlrGa,-xAs can be found in some recent literature [ 1,46,47 1. In contrast to GaAs, the lifetime in AIIGa,-xAs has been shown to be SRH limited over a wide range of doping levels. A composite of the published data is shown in Figure 11 .
Among the first reported lifetime measurements on AlxGa,~xAs lifetime was that of van Opdorp and 't Hooft [48] on DHs. They grew DHs with AlyGa, Y A~ confinement layers and AlxGa,.xAs (y 7 x) active layers over the composition range 0.4 < y<O.62 andO.lO<x<0.17. Thesestructuresweregrown both by liquid phase epitaxy(LPE) and by MOCVD [49] . These data indicate that the AlxGa,.xAs lifetime drops sharply with increasing AI concentration. This was the first work to report that the PL lifetime in AlxGa,-rAs increases with incident light intensity because of the SRH-dominated recombination.
Arecentpaper [50] presentsdataonMBEgrown AlxGal-xAs with x = 0.27 (p-type) and x = 0.365 (n-type). A thin AlAs confinement window layer was grown adjacent to the active layer. An outer window layerofAI,,Gao4As was used toprotectthe MAS. The low-injection lifetimes in 4.Opm devices were 13.6 ns for the p-type structure and 11.6 ns for the n-type structure. By doing a thickness series, researchers found the S-value to be about 9 x 1W cm/s for the n-type DHs. Reproducible growth (in terms of lifetime) was reported for these structures.
The longestt lifetimes in high Al (~-0.40) compositions were found in material grown by LPE. These were DHs (5 11 had active layers of composition n-AIo,BGa,,62As and window layers of n-Al,,Ga,,As (the response of these devices has eroded over time as they had no GaAs protective layer to protect the n-A1,,8Ga,,As). Recent studies of the SRH defects of oxygen origin are described in another paper at this conference 1541. These are oxygen complexes that capture two electrons per center and are called double acceptors. Because of their large capture crosssections for holes (q = -3 e), a fairly low concentration (-10" cm-)) effectively ''kills'' the minority-carrier lifetime in n-type material. These centers are deactivated or removed by growth above 740OC. The accumulation of these centers may account for the degradation of S when interfaces are grown at the lower temperatures (see Figure 8 ). The residual SRH centers that limit the lifetimes to 5 to 20 ns in bulk material are of unknown origm. High temperature growth has no apparent effect on the latter.
B. GaInP Lifetimes
Ga,,In,,P, that is lattice-matched to GaAs, has shown very promising properties as both a wide band-gap passivating window layer and as a top junction in acascade cell [ S I . Recent measure- . ments on undoped GaInP/GaAs DH devices have shown record long PL lifetimes. Figure 12 shows TRPL data of the best device of the series, which has a lifetime of 14.2 ps. This is a world record for minority-carrier lifetime in GaAs [56] . The best comparable A1xGa,-rAs/GaAs devices have lifetimes of several ps. The S-value for theGaInP/GaAs was too smalltodeduce by only measuring two or more devices. However, our analysis [57] of temperaturedependent TRPL data indicated that the room-temperature S was less than 1.5 cm/s.
Several DH diagnostic devices have been fabricated using the temary AlInP, as the window/confiiement layer. The band-gap of these GaInPalloys has been about 1.85 eV, and the lifetimes have ranged from 40 to 409 ns. These data are in marked contrast to Al,,,Gao~,,As films that have a comparabale band-gap but much smaller lifetimes. 
C. InP Lifetimes
InP-based technology has produced some very impressive high-efficiency solar cells. However, there is relatively little known about the minority-carrier properties of InP as compared to GaAs.
The radiative lifetime in InP should be very comparable to that in GaAs. InP is adirect-band-gap semiconductor with aroomtemperature energy gap of about 1.34 eV. Application of the van Roosbroeck-Shockley relationship to the absorption spectra produces a B-coefficient very similar to that produced for GaAs. Data on InP has been marked by inconsistency and a large lifetime discrepancy between n-and p-type material. Also, in contrast to GaAs, bulk crystals have produced better lifetimes than epitaxial films. coworkers [61] ( 0 ) lies above the estimated radiative lifetinie and was obtained on Zn-doped wafer material. However, most of the data lie at least a factor of 10 below the estimated T~. One must suspect that some SRH defect is a contaminant in p-InP, bul there is not definitive evidence to support that speculation. Figure 14 shows aplot of available data [60,62,63,64,(15) 1 on n-type InP from several different sources. Again, the estimated radiative lifetime is represented by the solid line, and most of the data lie above the line for n-type material. This observaticln has been noted in numerous reports; i.e., that n-type InP has much longer lifetimes than p-type InP. These data certainly have important consequences for new PV cell design. The mechanism ,if the difference between n-and p-type InP lifetimes is the focus of some current research [66] .
CONCLUSIONS
The maximization of minority-carrier lifetimes in PV inaterials is an important component of the materials researcli and development. Significant improvements in materials technc ilogy have been made in the last half decade of PV research. The I'RPL technique is extremently useful for research as well as quality control as these measurements relate so directly to PV pcrformance.
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